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is recovered in s/k/9A and cdcl4 mutant cells
when replacing Slil5 with its constitutively de-
phosphorylated form, Sli15-6A (73). Expression
of SLI15-64 in slki9A cells restored chromo-
some compaction and segregation to near wild-
type levels. Thus, Ipl1 must be on the midzone to
adapt condensation of endogenous long chromo-
somes (Fig. 4, A and B). Because SLI15-64 did
not rescue the localization of separase in slkl9A
cells (fig. S9), Ipll regulated condensation inde-
pendently of separase localization.

To examine the effects of midzone-bound Ipll
on the segregation of long chromosomes, we vi-
sualized the distal region of LC(XII:IV)cen4A,
marked by the 7RP! locus (2.8 Mb from CENI2),
in slkl9A mutants. Separation of the distal 7RP!/
locus, but not of a centromere-proximal one, was
delayed in slkl9A mutants (P < 0.001) (Fig. 4, B
to D). As a consequence of this delay, spindle
breakdown preceded TRP! segregation in 27%
of LC(XII:1V)cen4A slkl9A mutant cells (Fig. 4,
C and E). Expression of SL/15-64 largely sup-
pressed these defects (Fig. 4E). Thus, SIk19 af-
fected segregation mainly through targeting of
Ipl1/Aurora-B to the spindle midzone, which
was especially important for the segregation of
long chromosomes.

Together, our results indicate that yeast cells
adjust the compaction of chromosomes to se-
cure their segregation by the spindle. One key
component of the underlying “ruler’” may be the
anaphase spindle, acting through the kinase au-
rora B at the midzone. Because long chromo-
some arms are exposed longer to the midzone
than short ones, this model (fig. S11) accounts
for their increased compaction and explains why
compaction is also greater in the daughter cell.

This simple model could also explain how small
cells, with short spindles, still segregate their
chromosomes at mitosis. Indeed, small cells such
as whi3A mutants (/6) hypercondensed their na-
tive chromosome IV (fig. S12), indicating that
natural chromosomes adapt their compaction to
anaphase spindle length.

Large variations in cell size and spindle length
are common within species, and hyperlong chro-
mosomes are well tolerated, at least in Drosoph-
ila (17). Similarly, chromosome rearrangements
can increase chromosome size without diminish-
ing cellular proliferation during cancer (/8) or
during size variations of tDNA loci (/9). Per-
haps spindle length and the level of chromosome
condensation are not predetermined but are mu-
tually coordinated through feedback regulatory
loops. The mechanism described here is likely
to be only one of such coupling systems. These
probably play important roles not only during
cell size changes but also in allowing chromo-
some rearrangements during speciation (20)
and the survival of chromosomally unstable can-
cers (21).
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DNA Synthesis Generates Terminal
Duplications That Seal End-to-End
Chromosome Fusions

Mia Rochelle Lowden,™? Stephane Flibotte,® Donald G. Moerman,® Shawn Ahmed™-?*

End-to-end chromosome fusions that occur in the context of telomerase deficiency can trigger
genomic duplications. For more than 70 years, these duplications have been attributed

solely to breakage-fusion-bridge cycles. To test this hypothesis, we examined end-to-end fusions
isolated from Caenorhabditis elegans telomere replication mutants. Genome-level
rearrangements revealed fused chromosome ends having interrupted terminal duplications
accompanied by template-switching events. These features are very similar to disease-associated
duplications of interstitial segments of the human genome. A model termed Fork Stalling

and Template Switching has been proposed previously to explain such duplications, where
promiscuous replication of large, noncontiguous segments of the genome occurs. Thus, a

DNA synthesis—based process may create duplications that seal end-to-end fusions, in the

absence of breakage-fusion-bridge cycles.

ost human somatic cells are deficient
for telomerase and experience pro-

gressive loss of telomeric DNA at chro-

22 APRIL 2011

mosome ends. Critically shortened telomeres
can elicit high levels of end-to-end chromosome
fusion, resulting in genome rearrangements that

commonly occur in developing tumors (/). In
many organisms, the instability of dicentric
chromosomes impedes elucidation of the ini-
tial structures of fusions events and, therefore,
a mechanistic understanding of their genesis
(Fig. 1A). Because Caenorhabditis elegans has
holocentric chromosomes, end-to-end fusions
derived from telomerase-deficient backgrounds
can be transmitted stably during mitosis and mei-
osis (Fig. 1A). In other organisms, subtelomeric
duplications that occur at critically shortened
telomeres have been attributed to chromosome
fusion followed by breakage during mitosis:
the breakage-fusion-bridge (BFB) model (2, 3).
To test the hypothesis, we genetically isolated
C. elegans end-to-end chromosome fusions on
the basis of the meiotic nondisjunction pheno-
type that they cause when heterozygous (4-6).
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These fusions were isolated from mutants deficient
for the -1 telomerase reverse transcriptase or for
the DNA damage checkpoint gene mrt-2, which
is required for telomerase-mediated telomere re-
peat addition (4, 5). Homozygous fusions were
then stably maintained, as assessed by genetic
mapping and chromosome cytology, in strains
having normal telomerase activity (7).

The molecular structures of 38 X-autosome
end-to-end chromosome fusion events derived
from C. elegans trt-1 mutant strains were inves-
tigated using a whole-genome oligonucleotide mi-
croarray by comparative genomic hybridization
(CGH) (8, 9). Subtelomeric duplications were
present at one (n = 17), both (n = 12), or neither
(n =9) of the fused chromosome ends (figs. S1
and S2). Duplicated regions ranged in size from
100 base pairs (bp) to 2.1 Mb and were typ-
ically two, three, or four times wild-type copy
number (tables S1 and S2). Subtelomeric dele-
tions frequently occurred before duplication (7),
presumably as a consequence of end-resection
of critically shortened telomeres.

In the BFB model, breakage of a sister chro-
matid fusion during anaphase may yield daughter

cells with broken chromosomes carrying either
a terminal deletion or an inverted duplication
(Fig. 1A) (10). BFB-type inverted duplications
could occur in C. elegans if holocentric sister chro-
matids fuse in G, and are then pulled toward
opposite sides of the mitotic spindle and severed
(Fig. 1A and fig. S3). CGH and/or sequencing
revealed uninterrupted duplications consistent
with BFB for 18 out of 41 fused chromosome
termini (Fig. 2B and figs. S5B and S7). For
example, the fusion yp743 (XR-I/R) (chromo-
some number in italics; R, right end) is sealed
by a 15.4-kb uninterrupted duplication of /IR
that is inverted with respect to the parent chro-
mosome /7 (fig. S5B), which suggests sister
chromatid fusion of //R and breakage, before
fusion with X. The remaining 23 out of 41 fused
chromosome termini had structures that ruled
out BFB: regions present at two times wild-type
copy number were typically punctuated by de-
letions or segments present at one, three, or four
times wild-type copy number (Figs. 1, B and C;
2, B to D; and 3).

To characterize some of the chromosome re-
arrangements in detail, we used polymerase chain

A centromere telomere S phase
~N ~N
-
—
BFB
monocentric holocentric
 — . -
G2._3 fusion ._____}
)
C— L B
M i bridge -il
O — J @ m m m = J
)

e w—
M breakage
G —

imim b

fusion |, fusion\,

.———}4—%——. @ rrr == === =

dicentric fusion (unstable)

Control: unc-3
N A XR-IIR

0

holocentric fusion (stable)

B telomere C o
S 3 damage o
FoSTeS/synthesis ~
G2 T NE
synthesis
l o+
G2 N
template switch o 4YPT48
Y Zo
Sy $)> S
< “ fusion ER
< S«
interrupted duplication
alo
g
-

-2

-2

2

-2

Log2Ratio(fusion/wt)
2 0

X g

0

-2

4x (quadruplication).

ypT7
o~
1x 3x
oA
o~

REPORTS

reaction (PCR) analysis to amplify fusion junc-
tions and thereby to reveal the orientation and
connectivity of the chromosome segments. An
inverse PCR (iPCR) approach used primers tar-
geted to a single chromosome end, which revealed
recombination or end-joining with interstitial sites
in the genome for complex fusions yp721, ypT27,
w129, ypT50, and eT6 (n = 26 tested) [fig. S4
and supporting online material (SOM) Text]. The
fusion junctions coincided with borders of ge-
nomic duplications observed by CGH (Fig. 2, B
to D, and figs. SSA and S7; iPCR in blue font
on CGH plots). A second PCR approach used
robust, validated primers at borders of copy num-
ber changes to span rearrangement junctions
predicted on the basis of CGH data alone. Eigh-
teen sequence transitions were recovered for nine
fusions (yp727, ypT29, ypT50, ypT23, ypT46,
wT49, ypT43, ypT35, and ypT37; n = 12 tested)
(table S3). Thus, PCR analysis demonstrated
that the terminal duplications observed at fused
chromosome ends were connected to the fused
chromosome ends, which suggested that these
duplications seal end-to-end fusions of critically
shortened telomeres.
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Fig. 1. Fusion breakpoint architecture. (A) Although BFB can explain ter-
minal duplications (red arrows with black borders) at fusion breakpoints, a
synthesis-based mechanism is plausible. Subsequent fusion to a second chro-
mosome (blue) yields an unstable dicentric in most organisms, but a mitotically

stable holocentric fusion in C. elegans. Black zigzag lines indicate impending
breaks. (B) CGH plots of an unc-3 control with normal chromosome termini and of fusion strains with duplications at fused chromosome termini. Telomeres
are in center. (C) Chromosome ends bearing interrupted duplications. Telomeres are on the right side of CGH plots. The y axes represent the ratio of
signal intensity for fusion versus wild type. The x axes represent the distance from a chromosome end, where green, purple, pink, tan and red indicate
chromosomes /1, Ill, IV, V, and X, respectively. Symbols: A (terminal or internal deletion), 1x (wild-type copy number), 2x (duplication), 3x (triplication),
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Most rearrangement junctions shared either
no homology (NH) or one to four nucleotides
of microhomology (MH), which suggested that
they might have been products of nonhomol-
ogous end-joining (NHEJ) events (table S4).
However, several fusion breakpoints contained
longer stretches of homology (HR) correspond-
ing to the telomeric repeat sequence TTAGGC.
In the genome of C. elegans, many interstitial
telomere sequence tracts (ITS) appear within
the terminal 5 Mb of each chromosome end; they
range in size from 12 bp to 486 bp and consist
of perfect telomere repeats interspersed among
degenerate telomere repeats (fig. S6). During
creation of three fusions—yp750, ypT29, and
ypT27—an uncapped telomere recombined with
the ITS located closest to its chromosome ter-
minus, presumably the ITS of a sister chromatid
(Fig. 2, A to C, and figs. S7 and S8). For €76,
an interchromosomal telomere recombination
event occurred where the XL telomere recom-
bined with the fifth ITS from the /7L terminus
(Fig. 2D and fig. S6). These four fusion break-
points could have been formed if strand trans-
fer occurred within or adjacent to the longest
stretch of perfect telomere repeat sequence in
each ITS. The identical 25-nucleotide sequence
within the terminal XR ITS was targeted for
ypT27 and ypT29 (fig. S6). The amount of per-
fect telomere sequence remaining at the telomere
recombination sites of yp729, ypT27, ypT50, and
eT6 was 29.5, 16.7, 18, and 24.7 repeats, respec-
tively. Telomeres can adopt a highly conserved

22 APRIL 2011

transitions exhibited NH (0 bp), MH (1 to 4 bp), or HR (>11 bp) of homology.

Plots follow same scheme as Fig. 1.

strand invasion structure termed the T loop,
whose minimal size in vitro is 148 bp or 24.7
repeats (/7). Thus, telomere uncapping in the
context of telomerase deficiency may result from
an inability to form T loops that may protect
chromosome termini from aberrant recombina-
tion events (12, 13).

Although telomere recombination events have
been observed for genomic DNA containing end-
to-end fusions from human cells and from
C. elegans (14, 15), their consequences have not
been reported previously. The ypT27 and eT6
telomere recombination events each resulted in
interrupted duplications (Fig. 2, C and D). Re-
combination occurred at ITS tracts facing away
from a chromosome end, yet elicited copy num-
ber changes on both sides of the targeted ITS,
including much of the sequence between the ITS
and its chromosome terminus (Fig. 2, C and D).
The ypT27 and eT6 structures are inconsistent
with BFB cycles or break-induced replication
(BIR), where a new replication fork is estab-
lished at a site of homology at least 72 bp in
length, followed by precise duplication of the
chromosome terminus (16, 77). Instead, multi-
ple template switching and synthesis initiation
events may create duplications at uncapped telo-
meres (fig. S8). The yp729 and ypT50 telomere
recombination events each resulted in uninter-
rupted inverted duplications of 16 or 8 kb, respec-
tively, structures that appear consistent with BFB
(Fig. 2, A and B, and fig. S7). However, the
template-switching events observed for ypT27

and e76 telomere recombination events sug-
gest that the inverted duplications that sealed
ypT29 and ypT50 may have been template-based
and created by synthesis-dependent strand an-
nealing (SDSA) (/8), where a simple break-
primed synthesis reaction occurs and is resolved
by an NHEJ reaction with a second uncapped
telomere.

Two additional complex fusions occurred
at the left end of the X chromosome, which ends
with a 5-kb terminal inverted repeat that is sep-
arated by ~10 kb of intervening sequence. For
ypT35 and ypT37, 0.8- and 1.9-kb tracts of
DNA adjacent to the internal copy of a 5-kb
inverted repeat were added to XL before end-
joining with the left end of chromosome I/
(Fig. 2E and fig. S9). Thus, strand invasion of
the terminal XL repeat with the internal copy
may have initiated an SDSA-like process,
resulting in inverted uninterrupted duplications
analogous to those of yp729 and ypT50 (Fig. 2,
A and B). Similar SDSA-like events may serve
to initiate synthesis-mediated interrupted dupli-
cations (Fig. 1, B and C, and Fig. 2, C and D).
Seven additional fusions exhibit breakpoints
at either 23 or 300 kb from the XL telomere,
which suggested recurrent locus-driven repair
events (figs. S10 to 12).

Up to 32% of tumor genome fusion break-
points show evidence of template switching,
where segments of DNA near the breakpoint
are duplicated and accompanied by deletion
of intervening sequences (/9-21). Such break-
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Fig. 3. Genomic shards seal complex fusion breakpoints. (A) yp723 and (B) ypT46
fusion breakpoints. The gray box shows the position of a 1.8-kb locus from which
the genomic shards originated. (C) Model of synthesis-based duplication for yp746.

points are referred to as genomic shards or junc-
tional sequences (19, 21). This molecular signature
was apparent from sequence analysis for one
telomeric recombination event that was ini-
tiated by template-switching events, yp727 (Fig.
2C and fig. S8), and for three additional fusion
events, ypT23, ypT46, and ypT49 (Fig. 3 and
fig. S13).

Large-scale duplication of interstitial segments
of the human genome can result in genomic
disorders. These aberrations display hallmarks
that we observed in 82% of end-to-end fusions
(n = 38): duplications interrupted by triplications
and nonduplicated sequences, likely generated
by template-switching, as well as breakpoints that
are sealed by microhomology (22), which sug-
gested a conserved process that may be relevant
to metazoan genome evolution. Models where a
stalled replication fork or double-strand break
induces promiscuous DNA synthesis—termed
fork stalling and template switching (FoSTeS) or
microhomology-mediated BIR (mmBIR)—have
been proposed to explain the origin of such large
spontaneous mitotic duplications (Fig. 2, C and
D, 3 and fig. S13) (23, 24). Transposon excision
in C. elegans can lead to duplications that may
result from template switching (25), consistent
with a role for replication-based repair in non-
terminal segments of nematode genomes.

Although DNA bridges during mitosis are
observed in cells with critically shortened telo-
meres, even in C. elegans (5), we propose that
critically shortened telomeres commonly trig-
ger synthesis events primed by microhomol-
ogy or limited homology to create large-scale,
interrupted subtelomeric duplications, in the

+ synthesis

.

*template switch

*fill in / end joining

absence of BFB cycles (Figs. 1; 2, C and D;
and 3; and figs. S8 and S13). These inter-
rupted duplications resemble interstitial mam-
malian genome aberrations attributed to FoSTeS
or mmBIR, and they can be resolved by end-
joining with a second dysfunctional chromo-
some end. BFB may function independently
to promote duplication at uncapped telomeres
before fusion.

Studies in E. coli have shown that genome du-
plications can occur in response to stress through
a process similar to FoSTeS, and this has been
hypothesized to be adaptive during evolution
(19, 26, 27). Telomere dysfunction drives am-
plification and deletion of genomic loci relevant
to human cancer (28). Recurrent or nonrecurrent
recombination events similar to those described
here could contribute to genome rearrangements
that play critical roles in tumor development (2).
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